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Abstract: A new and complete methodology of monofocal intraocular lens 
(IOL) design is presented aiming at isoplanatism, i.e. IOLs that provide the 
eye with optimized optical quality over a wide field of view (typically in a 
range of ten degrees). The methodology uses a merit function considering 
dimensional and biomechanical constraints, and a geometrical optical 
quality metric that is evaluated simultaneously at different field angles. As 
an example, we present new isoplanatic designs based on different 
commercial IOL platforms. Aspheric isoplanatic designs improve peripheral 
quality over current aspheric IOLs. Also, isoplanatic designs provide more 
stable optical quality across the field and across pupil diameter. 
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1. Introduction 
Intraocular lenses (IOLs) are normally implanted in cataract surgery to replace the opaque 
crystalline lens, and to correct for the refractive error of the eye. Typically, monofocal IOLs 
are implanted to achieve emmetropia for far vision. However the optical quality of a 
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pseudoaphakic eye (after IOL implantation) is determined, not only by the refractive error 
(defocus), but also by optical aberrations. As a consequence, controlling the optical 
aberrations is a main target in IOL design. 
Earlier IOL designs only made use of spherical surfaces. However, as spherical intraocular 
lenses induce spherical aberration, which adds to the normally positive spherical aberration of 
the eye, most current designs incorporate aspheric surfaces. Introducing aspheric surfaces 
provides new degrees of freedom to achieve a better optical performance. In addition, 
aspherizing the IOL surfaces also allow a reduction of the lens volume, with advantages in the 
implantation of the IOL through smaller incisions. We had previously [1] pointed out that 
aspherizing the posterior surface can be a strategy to reduce the IOL central thickness. 
A great number of IOL manufacturing companies commercialize aspheric IOLs, generally 
with the aim of reducing the amount of ocular spherical aberration on axis. For example, the 
Tecnis
TM
 CL Z9002 [2] (Pharmacia) and the CT ASPHINA 603P [3] (Carl Zeiss) lenses are 
designed to cancel the spherical aberration of a pseudoapakic eye model. A different criterion 
is followed in the SoftPort IOL [4] (Bausch and Lomb), where rather than cancelling the 
spherical aberration of the average cornea, it aims at cancelling the spherical aberration for a 
bundle of rays coming parallel with respect to the optical axis. 
However, introducing aspheric surfaces provides the potential for controlling optical 
aberrations not only on-axis, but also off-axis. The human eye does not have a well-defined 
optical axis because its surfaces are not rotationally symmetric and as a result of the foveal 
eccentric position. Normally, the line of sight ─ the axis joining the fovea with the pupil 
center ─ defines the so-called optical quality on-axis. Therefore, in practice, the axis of 
rotational symmetry of an IOL can be different from the line of sight. The angle between both 
axes is on average around 5° [5], although there are significant differences across subjects [6]. 
In consequence, the optical quality off-axis must be considered [7]. 
The optical quality of the young phakic eye [8] is relatively constant across the central 
visual field (within around 10 deg), hence the human eye can be considered an isoplanatic 
optical system. Therefore, isoplanatic IOLs should outperform designs considering only on-
axis aberrations and, in terms of off-axis optical quality, mimic the performance of young 
phakic eyes. 
Although some previous works have studied off-axis aberrations for different IOL designs 
[9–11], few studies in the literature propose design methods aiming at providing optimal 
overall image quality both on and off-axis. From third order aberration theory, it is known that 
for small field angles the two major aberrations are coma and spherical aberration [11,12]. 
Hence, Tabernero et al [10] have proposed IOL designs with simultaneous correction of 
spherical aberration and lateral coma. However, peripheral power errors (field curvature) and 
astigmatism can also contribute importantly to the off-axis performance even for small angles 
[9,13], especially when considering retinal shape. Smith et al [9] proposed a design optimized 
to correct peripheral power errors and oblique astigmatism. These previous studies have in 
common that they focused on the correction of specific refractive errors or aberrations, but not 
on the overall optical quality. An alternative strategy to the correction of individual 
aberrations is the optimization of the overall image quality, which we propose in the current 
study. 
This approach considers all the aberrations together, as well as potential interactions 
across terms [14–16]. Despite its advantages, this approach has not been sufficiently 
considered in IOL design. To our knowledge, only a proposal in the patent literature mentions 
the possibility of correcting global aberrations on-axis and off-axis [17]. We propose new IOL 
designs where optical aberrations are minimized in a wide field of view (up to 10 °). 
Most of the existing aspheric designs have either surfaces described by simple conics  
two design parameters: the vertex radius of curvature and the conic constant  or surfaces 
described by general aspheric surfaces using two or three extra aspheric coefficients, besides 
the parameters of the conic. To our knowledge, the implications of using one or the other 
surface type have not been reported. The current study will provide a systematic analysis of 
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the advantages of using general aspheric surfaces as opposed to simple conical and spherical 
surfaces. 
Besides the control of optical aberrations, IOL design is limited by a set of boundary 
conditions that constraint the optimal optical designs. First, the physical dimensions and the 
biomechanical properties of the lens must be considered. Small and highly foldable IOLs 
allow to reduce the incision size in cataract surgery, which reduces the risk of postoperative 
inflammation [18] and the generation of corneal optical aberrations [19]. The volume of the 
IOL limits the minimum attainable insertion incision. Reducing the volume of the IOL mainly 
implies to reduce the central thickness ─ the edge thickness is usually set to a specific value in 
order to secure the haptic mechanical stability. As a result of reducing thickness, and in order 
to achieve the necessary optical power, higher refractive indices are needed. However, the 
increase of refractive index may result in an increase of glare effects due to surface reflections 
[20]. In addition, extremely thin or foldable IOLs are less mechanically stable and may shift 
their optimal axial location inside the eye. In summary, as a result of trade-offs in the design 
parameters of IOLs, it is necessary to include boundary conditions which restrict the 
admissible central and edge IOL thickness in the design procedure. 
Another critical aspect of IOLs relates to the lens material [21–24]. Today, the most 
popular materials are acrylic and silicones, which can be hydrophobic or hydrophilic. 
Refractive indices range from 1.55 (Acrysof® lenses by Alcon [23]) to 1.46 (CeeOn® 
patented by Pharmacia [24] and IolTech® by Carl Zeiss) and 1.43 (SoFleX® LI61U by 
Bausch & Lomb). Finally, the IOLs are placed in the eye by means of the haptics, which can 
come in multiple designs [18]. The thickness of the haptic sets the edge thickness for the IOL. 
For the purpose of this study, we refer to “IOL platform” as that defined by the dimensions of 
the IOL (IOL optical diameter and edge thickness) and the refractive index of the material. 
In this study we present a new IOL design methodology [25] based on the optimization of 
a global optical quality metric in an extended field of view. The new methodology considers a 
set of boundary conditions. As an example of the potential of the methodology, we present 
several new IOL designs (optical power of 22 D) for different existing IOL platforms, and 
compare the theoretical optical performance of the these designs with respect to its 
commercial counterparts. 
2. Methods 
The optical design methodology comprises the following steps: 1) Building of a 
pseudoaphakic computer eye model. 2) Definition of a merit function, by means of an optical 
target and several boundary conditions. 3) Optimization of the IOL design parameters. 
2.1 Pseudophakic eye model 
We employed a generic pseudoaphakic eye model [1] based on biometric data extracted from 
the literature. The model is composed of a set of concentric surfaces described by conics 
defined by: y
2
 = 2Rz-(1 + Q)z
2
, where R denotes the apical radius, Q the asphericity, and y 
and z represent lateral and axial coordinates respectively. The parameters used are described 
in Table 1. 
We modeled the cornea as a multilayer structure comprising three layers with different 
indices of refraction: tear film, epithelium and an extended stroma, as described by Barbero 
[26]. We set the location of the entrance pupil of the eye model 0.9 mm behind the anterior 
surface of the IOL, as proposed in a previous study [2]. For the anterior chamber depth 
(defined as the distance from the posterior surface of the cornea to the anterior surface of the 
IOL) we took an average value of 4.11 mm from Kriechbaum et al. study [27]. 
A specific feature of the model is the use of a curved retina to consider the wide field 
optical performance. In particular, the retina is described by a conic surface, based on the data 
provided by Atchison et al [28]. In Atchison’s study [28], the retina was measured in 21 
emmetropic eyes using Magnetic Resonance Imaging, and its shape subsequently fitted by 
ellipsoids described by the radius of curvature and asphericity in the vertical and horizontal 
meridians. 
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2.2. Pseudoaphakic eye model for an IOL of a given optical power 
Monofocal IOLs come in a range of optical powers. Selection of the optimal optical power 
requires measurement of biometric parameters of the patient eye and assumption of a fixed 
post-operative IOL position. The selection of the IOL optical power is aimed at correcting on-
axis refraction. In consequence, the pseudoaphakic eye model used to design the IOLs must 
be free of defocus error on-axis. For a fixed optical power in the IOL, cancelation of defocus 
can be achieved by tuning the axial length, the lens position or the corneal power, as all those 
parameters affect the total eye power. To our knowledge a procedure to define defocus-
corrected pseudoaphakic eye models with different IOL powers has not been fully described 
in the literature. 
We propose a method for designing IOLs of different powers in a set of model eyes. For 
each IOL power, two parameters of the model (axial length and the retina shape) are 
adaptively modified, taking into account reported relationships between refractive error and 
axial length [29,30], and the close relation between retinal shape with the axial length [31]. 
The procedure comprises two different steps. First, an initial axial length value of 23.08 
mm is assumed (which corresponds to the average axial length across 6698 patients reported 
by Olsen et al. [32]). The IOL is initially assumed to be a biconvex lens with a thickness equal 
to the maximum allowed value. Second, the axial length is changed in an optimization 
procedure that cancels the defocus term in the pseudoaphakic eye model of Table 1 with the 
initial biconvex IOL geometry. Finally, the retina shape is modified according to the equations 
of Atchison et al [31] that relates axial length with refraction and with retina shape. 
Calculations were performed for a pupil diameter of 4-mm, as justified elsewhere [26]. 
Table 1. Parameters of a generic pseudoaphakic eye model. 
 Interface 
 Air-
Tear 
Tear-
Epithelium 
Epithelium-
Stroma 
Stroma-
Aqueous 
Retina 
R 7.79 7.79 7.556 6.53 V 
Q 0.015 0.015 1.43 0.455 V 
 Medium 
 Tear Epithelium Stroma Aqueous IOL Vitreous 
CT 0.004 0.054 0.473 4.11 O V 
n 1.337 1.376 1.376 1.337 nIOL 1.337 
R and Q denotes the apical radius (mm) an the asphericity respectively. CT denotes 
central thickness in mm. The refractive indices (n) are for a 555-nm wavelength at 
37°C. V means that it depends on axial length. O denotes an optimization parameter. 
nIOL is the refractive index of the IOL material 
2.3. Merit function construction: Optical target 
The merit function defines mathematically the optical target of the design procedure, 
considering the boundary conditions. 
The optical target was defined as an optical quality metric evaluated simultaneously across 
a given field of view. We analyzed the optical performance using geometrical ray tracing, 
computed with the program Zemax V.9 (Focus Software, Tucson, AZ). We used a quality 
metric derived from the ray tracing procedure. Specifically, we used the root-mean square 
wavefront error (RMS) of the wavefront for a single wavelength, which allows fast 
computations. The RMS can be evaluated with respect to the chief ray or the centroid (the 
point which minimizes the variance of the wavefront). We used the centroid in order to cancel 
the tilt and piston of the wavefront. It should be pointed out that wavefront tilts generate 
different magnifications for different fields of view (distorsion). 
To compute the RMS for a specific field angle it is necessary to define the sampling 
pattern of the rays going through the entrance pupil. We used a sampling pattern based on a 
Gauss quadrature, as proposed by Forbes et al [33], and implemented in Zemax. The required 
number of rays depends on the amount and distribution of the aberrations of the system. 
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Following the recommendation procedure by Zemax (Zemax User’s Guide February 3 2005) 
we found that 24 rays per field angle (Gauss quadrature with 3 rings and 6 arms) provided an 
accurate computation. This is close to the number proposed by Atchison [34] who used 10 
rays on-axis and 25 off-axis to evaluate the optical performance of a pseudoaphakic eye. 
The optical target was defined with the equation: 
5
1
 i i
i
w RMS , where RMSi represents the 
RMS for field angle i, and wi are the weights (relative importance) given to each RMS. We 
found that an optimal optical target is defined when the field angles are 0°, 2.5°, 5°, 7.5° and 
10°, with weights 5, 1, 1, 1 and 10 respectively. This optical target is a trade-off between 
resultant isoplanatism, overall optical quality and computation time. 
2.4. Merit function construction: Boundary conditions 
The design parameters of the IOL are the variable parameters of the merit function. The range 
of variation of these values is limited by the boundary conditions. 
The first boundary condition enforces that the IOL geometry must provide a specific IOL 
power. This limits the combination of radii and central thickness of the IOL. The introduction 
of this boundary condition in the merit function was achieved by algebraic combinations of 
several operands relating the radii of curvature with the central thickness. 
Constraints to the thickness were used to limit the dimensions of the lens. A maximum and 
minimum threshold for the central and edge thickness of the IOL were selected, specific for 
each IOL platform. We also enforced a constraint to the IOL vault (total maximum thickness). 
On the one hand, large vault values provide a higher degree of freedom in the surfaces design, 
but on the other hand the resulting lens could have excessively curved surfaces, which could 
result in longitudinal IOL displacement from mechanical haptic forces [35]. 
Finally we also set a maximum value to the conic constant of the anterior and posterior 
IOL surface to avoid surface profiles with inflection points, which could generate optical 
undesired reflections. 
2.5. Optimization procedure 
Once the merit function is defined, finding its minimum provides the desired combination of 
designed parameters. The minimum of the merit function was found by applying an 
optimization routine. However, the merit function defined in the previous section is very 
complex because it contains a large number of designed parameters (up to eleven in aspheric 
IOLs) and six boundary constraints. Trying to find the minimum in a single optimization step 
did not provide the best results. To solve this problem, we designed an optimization procedure 
divided in two sequential steps. First, we optimized the merit function with only the radii of 
curvature and the central thickness as variable parameters, using the associated equi-convex 
lens for the given power as the starting point for the optimization. Second, using as initial 
values those obtained in the first step, we optimized all the design parameters. 
For the optimization algorithm, we employed a combination of classical damped least 
squares and Hammer algorithms implemented in Zemax (Zemax User’s Guide February 3 
2005). The Hammer algorithm uses an iterative procedure of adjustments and optimizations in 
order to perform an exhaustive search for the minimum of the merit function. We used it as 
the final step of the optimization procedure. 
3. Example of application of the design methodology 
3.1 IOL-baseline platforms 
To show the potential of the new design methodology we designed 22-D IOLs corresponding 
to different commercial platforms. We selected a 22-D IOL because, for this power, the 
complete geometry information is typically available from patent descriptions of commercial 
IOLs. We generated new isoplanatic designs based on the baseline platforms of several 
commercial lenses, and compared the optical performance of the original designs with that of 
the new designs, on the same computer eye models. 
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Specifically, we analyzed four spherical designs: SA60AT from Alcon [36], CeeOn Edge 
911 [2,24] from Pharmacia, LI61U from Bausch & Lomb [4,37]; and four aspheric designs: 
Tecnis Z9002 from Pharmacia [2], AcrySof IQ (Model SN60WF) from Alcon [36], SofPort 
from Bausch & Lomb (from now on B&L) [4], and CT ASPHINA 603P from Carl Zeiss [3]. 
Table 2 summarizes the properties of these lenses. Figure 1 shows the surface profiles of the 
lenses of Table 2. 
 
Fig. 1. Surface profiles of 22 D commercial lenses (Table 2): (a) CeeOn (Pharmacia) (b) 
Tecnis (Pharmacia) (c) LI61U (B&L) (d) SofPort (B&L) (e) SA60AT (Alcon) (f) SN60WF 
(Alcon) (g) XL-Stabi-ZO (Zeiss). Anterior surfaces are shown in the left. 
The edge thickness, defined as the thickness at the edge of the optical zone, was obtained 
considering the geometry of the surfaces and the central thickness. The optical zone diameter 
of the IOL was 6 mm, in all cases. 
Using these baseline platforms we obtained new designs using only spherical, conic or 
aspheric surfaces (described with three aspheric coefficients) using the design methodology 
described above. 
3.2 Computer simulation of the optical performance of the IOL designs 
We analyzed the optical performance, through computer simulations on and off-axis, of the 
commercial and the new IOL designs on pseudophakic eye models. Whereas for the optical 
design procedure we used a generic pseudoaphakic eye model (explained in section 2.1), the 
optical evaluation of the designed was performed on individual eye models. These eye models 
were built using keratometric, anterior chamber and axial length data of a set of 6 eyes from a 
previous study in our laboratory [19], where 22-D lenses had been implanted. These 
individual models are rotationally symmetry, and all the surfaces are described by conics. 
In addition, in order to assess the contribution of biometric parameters that disrupt the 
rotational symmetry of the eye models (corneal irregularities, tilt and decentrations of the 
IOL) into the final optical quality of the new lenses (with respect to previous designs), we 
used two customized pseudoaphakic eye models. These models considered all the anatomical 
parameters measured on the patient eyes, including corneal topography, IOL tilt and 
decentration, and the eccentricity of the fovea. These eye models (eye #1 and eye #2 in 
Rosales et al [38]) have proved to predict the measured high order aberrations with high 
accuracy, once all the individual parameters were introduced [38]. In these particular 
examples, 19.5 D SN60WF (Alcon) aspheric IOLs had been implanted; thus we applied the 
IOL design methodology to the Alcon platform. 
Table 2. IOL parameters of commercial lenses. 
IOL model CT (mm) ET (mm) n   
CeeOn 1.164 0.333 1.458   
TECNIS 1.164 0.428 1.458   
LI61U 1.202 0.070 1.427   
SofPort 1.206 0.116 1.427   
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SA60AT 0.668 0.210 1.554   
SN60WF 0.633 0.210 1.554   
XL Stabi ZO 1.1 0.292 1.46   
IOL model Ra(mm) Qa 2th a.c. 4th a.c. 6th a.c. 
CeeOn 11.043 0 0 0 0 
TECNIS 11.043 1.036 0 9.4E-4 1.4E-5 
LI61U 8.234 0 0 0 0 
SofPort 7.285 1.086 0 0 0 
SA60AT 16.379 0 0 0 0 
SN60WF 19.583 0 0 0 0 
XL Stabi ZO 7.1497 0 0 0 0 
IOL model Rp (mm) Qp 2th p.c. 4th p.c. 6th p.c. 
CeeOn 11.043 0 0 0 0 
TECNIS 11.043 0    
LI61U 8.234 0 0 0 0 
SofPort 9.47 1.086 0 0 0 
SA60AT 25 0 0 0 0 
SN60WF 20 33.227 2.5E-4 1.7E-5 8.7E-7 
XL Stabi ZO 36.390 0 6.8E-3 1.0E-3 6.2E-5 
CT and ET denote central and edge thicknesses respectively. Ra and Rp denote the anterior and 
posterior radii of curvature of the IOL; Qa and Qp denote the anterior and posterior asphericities; 
2th, 4th and 6th a.c. and p.c. denote second, fourth and six order aspheric coefficient for the 
anterior and the posterior surface respectively; n is the refractive index (555 nm) when the IOL is 
inside the eye (37°C) as given by the manufacturer. 
Optical performance in pseudophakic eye models was calculated in terms of RMS as a 
function of the field of view (up to 10° angle) and for different pupil radius (3, 4 and 5 mm). 
For comparison purposes, we also evaluated the optical performance in terms of the Strehl 
ratio, as retinal image quality based metrics have been shown to better correlate with visual 
performance than RMS [39]. On-axis defocus was cancelled to reveal more clearly the optical 
quality off-axis. 
The uniformity of the IOL performance across the field of view was evaluated computing 
the difference of RMSs at 10° and 0° of object field angle (for an intermediate pupil size of 4 
mm). We named this metric: FOVU (Field of View Uniformity). Following the same strategy, 
we evaluated the uniformity of the IOL optical performance with respect to pupil size 
changes, computing the difference of RMSs at 5 mm and 3 mm pupil sizes (for an 
intermediate object field angle of 6°). We named this metric PSS (Pupil Size Stability). Low 
values for these metrics are indicative of high stability across the field and pupil diameter, 
respectively. 
4. Results 
4.1 The geometry of the new designs 
Table 3 summarizes the design parameters for the spherical, conic and aspheric new 22 D 
isoplanatic IOLs, obtained for the different commercial base-line platforms. 
Table 3. IOL parameters of the new isoplanatic lenses for the different platforms. 
IOL model CT (mm) ET (mm) Ra (mm) Qa Rp (mm) Qp 
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Spherical 
(Pharmacia) 1.165 0.333 12.442 0 9.926 0 
 
Conic (Pharmacia) 1.146 0.428 16.341 20.000 8.345 5.599 
Aspheric 
(Pharmacia) 1.173 0.428 10.318 20.000 11.874 16.583 
 
Spherical (B&L) 1.203 0.070 8.926 0 7.642 0 
 
Conic (B&L) 1.075 0.116 12.399 13.169 6.173 3.506 
 
Aspheric (B&L) 1.098 0.116 9.795 0.366 7.109 20.000 
 
Spherical (Alcon) 0.669 0.21 27.051 0 15.583 0 
 
Conic (Alcon) 0.614 0.21 32.268 20 14.262 18.837 
 
Aspheric (Alcon) 0.635 0.21 27.289 20 15.508 3.844 
 
Spherical (Zeiss) 1.110 0.292 12.726 0 10.042 0 
 
Conic (Zeiss) 0.999 0.292 16.482 20 8.521 5.776 
 
Aspheric (Zeiss) 1 0.292 10.710 2.193 11.804 20 
IOL model 2th a.c. 4th a.c. 6th a.c. 2th p.c. 4th p.c. 6th p.c. 
  Aspheric 
(Pharmacia) 
2.39E-
02 1.21E-03 4.52E-04 3.24E-02 1.40E-03 2.03E-04 
Aspheric (B&L) 
1.49E-02 2.89E-03 6.48E-05 3.93E-03 1.66E-03 5.65E-04 
Aspheric (Alcon) 2.32E-
02 2.73E-03 1.53E-04 2.71E-02 2.32E-03 1.00E-04 
Aspheric (Zeiss) 
6.18E-03 1.97E-03 3.14E-05 1.39E-03 7.21E-04 2.33E-04 
CT and ET denote central and edge thicknesses respectively. Ra and Rp denote the anterior and posterior 
radii of curvature of the IOL. Qa and Qp denote the anterior and posterior asphericities. 2th, 4th and 6th 
a.c. and p.c. denote second, fourth and six order aspheric coefficient for the anterior and the posterior 
surface respectively. n is the refractive index (555 nm) when the IOL is inside the eye (37°C) as given by 
the manufacturer. 
Figure 2 shows graphically the surface profiles of the IOLs of Table 3. The new designs 
clearly differ from the commercial ones (in Fig. 1), especially the aspheric surface profiles, 
which show steeper curvature changes. Whereas all the commercial IOL designs are 
biconvex, the new aspheric isoplanatic IOL based on the Alcon platform is a meniscus type. 
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 Fig. 2. Surfaces profiles of new 22 D isoplanatic lenses (Table 3) for the Pharmacia platform: 
(a) spherical (b) conic (c) aspheric, B&L platform (d) spherical (e) conic (f) aspheric, Alcon 
platform: (g) spherical (h) conic (i) aspheric and Carl Zeiss platform (j) spherical (k) conic (l) 
aspheric. 
4.2 Optical performance of commercial and new IOL designs 
The different designs were evaluated on six eyes. We found some intersubject variability in 
the optical performance of each design. Figure 3 shows the individual performance (RMS as a 
function of objective field angle) of a commercial IOL (Tecnis-Pharmacia) in the six eyes (for 
4-mm pupil). In what follows, average data across the six eyes are provided. 
 
Fig. 3. RMS (microns), as a function of the object field angle (°), for the 6 different eye models 
where the 22 D Tecnis IOL was implanted. The average and standard deviation are plotted 
(black lines). 
Figure 4 shows the optical performance of the commercial designs of Table 2 (for 4-mm 
pupils) in terms of RMS as a function of object field angle. For the commercial designs, 
optical quality was systematically improved from the spherical to aspheric designs, as it has 
been also shown experimentally [40]. A paired t-test showed the statistical differences 
between the RMS curves across all subjects. The RMS on-axis (4 mm pupil size) decreased 
significantly from 0.17 μm (L161U) to 0.11 μm (SofPort) for B&L lenses (p-value = 5.47e-5), 
from 0.15 μm (CeeOn) to 0.05 μm (Tecnis) for Pharmacia lenses (p-value = 0.0029), and from 
0.13 μm (SA60AT) to 0.04 μm (SN60WF) for Alcon lenses (p-value = 2.9e-4). 
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 Fig. 4. RMS as a function of objective Acrysof-IQ field angle for the commercial IOL designs 
(averaged across 6 eyes). Error bars stand for standard deviations. 
Aspheric IOL designs showed a benefit for off-axis viewing, as we had also reported 
experimentally [41]. The RMS off-axis (6° field of angle and 4 mm pupil diameter) decreased 
from 0.24 μm (L161U) to 0.20 μm (SofPort) for B&L lenses (p-value = 2.7e-4), from 0.21 μm 
(CeeOn) to 0.13 μm (Tecnis) for Pharmacia lenses (p-value = 2e-4), and from 0.2 μm 
(SA60AT) to 0.14 μm (Acrysof-IQ) for Alcon lenses (p-value = 7.3 e-4). 
 
Fig. 5. FOVU and PSS of commercial designs: spherical (dark blue bars) and aspheric (light 
blue bars) and new isoplanatic designs: spherical (green bars), conic (orange bars) and aspheric 
(brown bars). Error bars stand for standard deviations. 
Figure 5 shows the Field-of-View uniformity (FOVU) the Pupil Size Stability (PSS) 
metrics for all IOL commercial designs. In all the platforms, the aspheric designs have better 
pupil size and field-of-view stability than their spherical counterparts, except for the B&L 
lenses where the commercial spherical lens has better FOVU than the aspheric one. 
Figure 6 shows the optical performance (4-mm pupil diameter) as a function of the object 
field angle for the new isoplanatic IOL designs (spherical, conic and aspheric) for the a) 
Pharmacia b) Alcon c) B&L and d) Zeiss IOL platforms. 
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 Fig. 6. RMS as a function of the object field angle for the new isoplanatic IOL designs of the 
Pharmacia b) Alcon c) B&L and d) Zeiss IOL platforms. The spherical, conic and aspheric 
designs are plotted with red, black and blue lines respectively. Results are averaged across six 
model eyes. Error bars stand for standard deviations. 
As expected, for the four platforms the optical performance of the conic designs is better 
than the spherical design, and the conic design is further improved by the aspheric design. On 
average, across the four platforms, the optical quality improvement (average RMS over the 
central 10 deg of visual field with a 4-mm pupil diameter) with respect to the spherical IOL 
designs is 49.15% for the conic designs, and 60.94% for the aspheric designs. Moreover, there 
is also an important improvement in the uniformity of optical performance across the visual 
field (FOV) and pupil size (PSS), with the exception of the new conic and aspheric designs 
based on the B&L baseline platform. For this platform, as shown in Fig. 5 the PSS for the 
aspheric design is slightly worse than for the conic design although this does not occur for the 
FOV. 
In order to analyze if the new IOL designs are superior to the state-of the art commercial 
designs, the optimal isoplanatic IOL designs (those with aspheric surfaces) were compared to 
the commercial IOLs of Table 2. Figure 7 shows the RMS versus the field of view angle (4 
mm pupil diameter) for the four different platforms: a) Pharmacia b) Alcon c) B&L and d) 
Zeiss IOL platforms. In all cases, the off-axis optical performance of the new isoplanatic 
designs largely exceeds that of the state-of-the art commercial designs. For 6° field of angle 
and 4 mm pupil size, RMS off-axis decreased by 32.87% (p-value = 0.0755), 50.21% (p-value 
= 0.0198), 38.79% (p-value = 0.0077), and a 53.86% (p-value = 0.0016), for the Pharmacia, 
B&L, Alcon and Carl Zeiss platforms respectively, when comparing the new isoplanatic 
design and the aspheric commercial design. In addition the FOVU improves in the new 
designs by 54.65%, 66.25%, 72.86%, 74.74%, and the PSS by 53.27%, 66.73%, 59.65%, 
71.84% for the Pharmacia, B&L, Alcon and Carl Zeiss platforms respectively. 
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 Fig. 7. RMS as a function of objective field angle for the new aspheric isoplanatic (red line) 
and commercial (black line), IOL designs of the Pharmacia b) Alcon c) B&L and d) Zeiss IOL 
platforms. Results are average across 6 eyes. Error bars stand for standard deviations. 
Figure 8 compares the optical performance using the RMS and the Strehl ratio for the new 
aspheric isoplanatic designs for the different platforms. Whereas the Strehl ratio reveals more 
clearly the differences at low field angles, the RMS shows better the optical performance 
decay at large field angles. 
 
Fig. 8. (a) RMS and (b) Strehl ratio as a function of objective field angle for the new aspheric 
isoplanatic IOL designs of the Pharmacia (red line), Alcon (green line), B&L (blue line) and 
Zeiss (cyan line) IOL platforms. Error bars stand for standard deviations. 
Figure 9 shows the optical performance of the aspheric SN60WF (Alcon) 19.5 D IOL 
compared to the new aspheric isoplanatic IOL for two fully anatomical pseudoaphakic eye 
models. As there is no rotational symmetry, these plots show optical quality as a function of 
the field angle, both in the horizontal (temporal-nasal) meridian (a)-(c) and in the vertical 
(inferior-superior) meridian (b)-(d). For eye #1 the fovea is located in the temporal-inferior 
direction (1.82, 4.06 deg), and for eye #2 towards the nasal-inferior direction (1.51, 5.92 
deg). For both eyes the isoplanatic IOLs provide higher uniformity and better overall optical 
performance in both meridians across the visual field (average improvement of 18.1% in a 10 
deg field). 
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 Fig. 9. RMS as a function of the object field angle of the SN60WF19.5 D IOL (black line) 
compared with the new isoplanatic Alcon IOL (red line) for two fully anatomical 
pseudoaphakic eye models: (a)-(b) model #1, OD (c)-(d) model #2, OS; (a) and (c) Horizontal 
meridian. (b) and (d) Vertical Meridian. Positive horizontal coordinates stand for nasal in right 
eyes, and temporal in left eyes, and viceversa 
for negative horizontal coordinates. Positive vertical coordinates stand for superior and 
negative for inferior. 
5. Discussion 
5.1. The IOL design methodology 
We have proposed an IOL design methodology which improves several aspects over current 
IOL design procedures. Each IOL manufacturer bases their IOL designs on different 
standardpseudoaphakic eye models. Pharmacia’s one is based on the Gullstrand eye model 
with a modified cornea considering average keratometric data from a set of 16 corneas. Alcon 
used the so called Alcon-Navarro eye model [36]. Carl Zeiss used the Liou and Brennan eye 
model [3,42]. The B&L aspheric IOL design [37] does not require an eye model, as it is aimed 
at zero spherical aberration for a bundle of rays coming from infinity [37]. The diversity of 
eye models may partially contribute to the diversity of aspheric IOL monofocal designs. 
We defined an anatomically plausible pseudophakic eye model. We used recent biometric 
data available in the literature, and an adaptive axial length and retina shape to different IOL 
powers. As shown in Fig. 3, a generic IOL designed with a general pseudoaphakic eye model 
generates different optical performances for different eyes. Ideally, customized eye models, 
with complete anatomical parameters, are the most appropriate to be used to design 
customized IOLs [1]. However, even in this case, knowledge is lacking from the post-
operatively lens location, which has been proved to be a critical parameter in the refractive 
outcomes [1,43]. In any case, generic pseudoaphakic eye models for a specific IOL power are 
still justified because the standard deviations of the RMSs for the associate average values are 
relatively small. 
RMS is a commonly used as metric in ophthalmic lens design although is not the optical 
quality metric that correlates best to final visual performance [39]. We observed that when 
using a retinal image quality based metric (Strehl ratio) the computation time increased 
dramatically and the convergence of the optimization procedure was not ensured. 
Nevertheless, comparisons of the optical performance in the evaluation of these lenses on six 
eyes were conducted both using the RMS and the Strehl ratio, showing (Fig. 8) a very close 
correspondence between both metrics. Further refinements applying a polychromatic 
geometrical metric could be applied with little extra complexity. 
Pomerantzeff [44] found that the best optical performance across a 10° field, optimizing 
for a single angle of incidence, was achieved using an angle of 7.5 deg. However, we 
observed that using a single angle of incidence, though allowing fast computations, was not 
sufficient to achieve optimal and uniform performance across the field. A better approach, 
proposed by Bedggood et al [45], is to correct the aberrations for five different field positions, 
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one at 0° and the other four at 10° forming a cross pattern. Because we used a rotationally 
symmetric eye model, we selected five different angles along the same direction (0°, 2.5°, 5°, 
7.5° & 10°). Interestingly, we found that the best distribution of relative weights for the 
different angle of incidences must give more weight to the central (0 °) and the extreme off-
axis position (10 °). We can conclude that controlling aberrations in the extreme positions of 
the field of view of interest is the best strategy for isoplanatic IOL design, at least in the 
evaluated range. 
5.2. State-of the art commercial IOLs 
The optical performance of the aspheric commercial designs was significantly better, both on-
axis and off-axis, than the corresponding spherical designs. These results are in agreement 
with previous experimental results [40,46]. It has been pointed out [40] that, although optical 
quality is significantly better with aspheric IOLs, tolerance to defocus tended to be lower with 
respect to spherical IOLs. We tested the tolerance to defocus error due to an incorrect 
estimation of the IOL position ( ± 0.5 mm from the expected IOL position) with the new 
isoplanatic designs. We found (average across the four platforms and field angles) that the 
absolute RMS difference was 0.094 µm and 0.168 µm for the new isoplanatic aspheric and 
spherical profiles respectively. Interestingly, the absolute impact of an axial IOL displacement 
is lower with aspheric designs, although the relative tolerance to the shift is higher with 
spherical designs. 
We have shown that existing aspheric designs are more uniform across the field of view 
and pupil size than spherical designs, in most cases. Overall, Alcon and Pharmacia models 
provide significantly better performance than the Zeiss and Bausch and Lomb ones, indicating 
that the specific IOL surface profile is very relevant. The IOL platform and the constraints 
imposed by the material (refractive index) and physical dimensions (central and edge 
thickness) of the lens, may also play some role in the final optical outcomes. 
5.3. The new isoplanatic IOLs 
For the four platforms, we have found significantly better performances for the new aspheric 
IOL designs than for the state-of the art commercial designs, demonstrating the potentials of 
our new methodology for designing isoplanatic IOLs. The implementation of the new 
isoplanatic IOL designs could be easily achieved, as the designs are based on existing IOL 
platforms. 
The benefits of using non spherical surfaces in IOL design have been widely reported. 
However, this is the first report, to our knowledge, that evaluates quantitatively the benefits of 
the aspheric over the conic surface design. On average, across the four platforms, using 
aspheric profiles allows 11.79% improvement of the optical quality with respect of using 
conic surfaces. This occurs because the use of high order aspheric coefficients provides 
additional degrees of freedom to reduce aberrations. In most cases, there is also an important 
improvement in PSS and in FOV. Interestingly, the best optical performance of commercial 
IOLs (Alcon and Pharmacia) is obtained with aspheric (and not conic) surfaces. In addition to 
the optical advantages of the aspheric surfaces, it has been suggested [47] that the use of 
aspheric surfaces could reduce the fabrication costs because less material has to be removed in 
the fabrication process. Conversely, the manufacture and interferometric testing of aspheric 
surfaces is more difficult than that of conic surfaces [47]. 
Several works [12] have suggested that posterior-convex IOLs are convenient to reduce 
off-axis aberrations. Moreover, an earlier study [44] suggested that: “the stronger curvature 
must face the cornea when the lens is calculated for the axial point, but it must face the retina 
when the lens is calculated for the best performance throughout the field of 10°”. In addition, 
curved posterior IOL surfaces are also convenient to reduce reflections and glare [20], and to 
reduce anisekonia effects in monocular IOL implantation [20]. Also, posterior-convex IOLs 
have been proposed to avoid cell migration, which induces posterior capsule opacification, by 
reducing the space between the posterior capsule and the posterior surface of the IOL [48]. 
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Interestingly, the posterior surface of the human crystalline lens is also more curved than the 
anterior surface [49]. 
The above aspects suggest that IOLs designs with convexity facing the retina are more 
convenient. These type of designs, as the new isoplanatic IOL design based on the Acrysof 
platform (see Fig. 3), can be obtained allowing a large boundary constraint for the IOL vault. 
Also, for the aspheric surfaces, the boundary condition set to the vault strongly limits the 
complexity of the surface profiles. We observed that setting a high threshold for the vault we 
could optimize the optical results further. However, we applied a conservative vault threshold 
to avoid extremely complex profiles which could be limited by mechanical and 
manufacturing limitations. 
Besides its visual impact, reducing off-axis optical aberrations has some other potential 
advantages, particularly the improvement of peripheral fundus imaging and of laser focusing 
in retinal photocoagulation therapy [50], in patients that may need fundus exploration or 
retinal treatments [51]. As shown in Fig. 9, when considering the interrelation between the 
IOL design and the biometric data, the optical outcomes depend on the specific pseudophakic 
eye model. This result again suggests that individual optical performance with IOLs will 
benefit from customized IOL design. Also, the level of defocus, caused by axial shifts of the 
actual IOL position with respect to the assumed position, is very relevant and can limit the 
improvements with the isoplanatic design. In highly realistic eye models, we found that the 
optical performance of the new isoplanatic design was clearly more uniform across the 10° 
field of view that for the state-of-the-art IOL and in addition the overall optical quality was 
also better. However, the interactions of asymmetrical aberrations, originated by corneal 
irregularities, tilt and decentrations, with the rotationally symmetric IOLs vary across 
individuals. 
6. Conclusions 
We have presented a new methodology for isoplanatic IOL design, i.e, uniform and optimized 
optical quality in a wide field of view (typically in a range of ten degrees). 
The methodology introduces novelties in the definition of the pseudoaphakic eye model 
and the merit function. For each IOL design, the axial length and retina shape is changed 
according to the IOL power. The optimal merit function is the weighted sum of optical 
metrics (RMS of the wavefront) at five eccentricities across a 10 deg field, with maximum 
weights at 0 and 10 deg. 
Aspheric IOLs provide significant optical improvement over IOLs based on conic (or 
spherical) surfaces. The new methodology allows the design of isoplanatic lenses, based on 
current commercial IOL platforms. The new aspheric isoplanatic IOLs improve the average 
optical quality and its uniformity across the field and pupil diameter over commercial aspheric 
designs. 
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